Abstract. We studied the transmission of the electromagnetic waves through subwavelength slit arrays in terahertz (THz) and optical frequency regions, respectively. In the optical frequency regime, the influences of surface plasmon polaritons on the near-field distribution and on the far-field transmittance are discussed. The near-field electro-optic sampling technique combined with fast Fourier transformation is applied in measuring the THz near-field distribution in time and spectral domains. From these, we discuss the existence of highly confined surface waves in the perfect conductor regime (THz) in comparison with the finite conducting case (visible range) in metallic multi-slit arrays. Our studies provide an integrated view of surface plasmons in the optical regime, and surface-bound waves mimicking surface plasmons in the THz region.
Introduction
Transmission of electromagnetic waves through subwavelength slits and apertures pierced on a metal plate has continuously been investigated from the mid-twentieth century to now, due to its high potential for engineering applications as well as fundamental importance in optics. In particular, Ebbesen's report [1] that the transmittance of light through holes perforated in a noble metal film on a scale of a hundred nanometres could be much enhanced compared with the prediction by Bethe [2] and Bouwkamp [3] triggered many theoretical and experimental studies extending to the terahertz (THz) and optical frequency regions.
In spite of the scale invariance of Maxwell's equation [4] , one of the important reasons for the extraordinarily enhanced transmittance in optical frequencies is the distinct optical properties of the metal, which depend strongly on the frequency of the incident field. The optical properties of the metal are mainly decided by free conduction electrons. Especially, the resonance frequency of free conduction charge density oscillations, the plasma frequency, is a material-specific parameter. Usually, the plasma frequencies of metals lie in optical and ultraviolet frequency regions [5] . Thus, while metals in microwave and THz frequency regions can be considered as perfect conductors, in optical frequencies especially, noble metals such as gold and silver interacting with light sustain surface plasmon polaritons (SPP) [6] . An SPP is a hybridized form of surface plasmon and polariton (photon in medium) [7] , evanescent in the vertical direction and propagating along the metal-dielectric interface. By solving Maxwell's equation with boundary conditions at the interface, one can easily derive the analytical form of SPP [8] .
According to the dispersion relation of SPP, SPP cannot be directly excited by freespace photons, because the momentum of SPP at high frequencies is always larger than that of free-space photons. Therefore, to equalize the momenta, Otto or Kretschmann-Raether configurations can be used [8] . SPP can be generated by the light diffracted from structures such as slits, holes and grooves as well. For example, if transverse magnetic (TM)-polarized light (the polarization direction of the magnetic field is parallel to the slit direction) is incident on a slit whose width is much smaller than the wavelength of the incident light, the light transmitted through the slit can generate SPP on the metal surface, because the diffracted light from the subwavelength slit contains a continuous momentum band. It is now widely accepted that the enhancement of the transmitted light through periodic slits results from the coupling between SPPs generated on the input as well as the output interfaces of the metal plate and Fabry-Perotlike resonant waveguide modes in the slit [9] . On the contrary, the negative role of SPP in the transmittance of light is discussed in [10, 11] .
In this paper, we systematically study the generation efficiency and the optical properties of SPP launched from single and multiple slit arrays in the optical frequency region and surfacebounded waves generated by slit structures in the THz frequency regime. As a first part of our studies, we investigate in section 2 the SPP generation efficiency as a function of the slit width. The optical properties of the SPP launched from nanoslits show the typical evanescent nature of the near-field. In section 3, we discuss the optical properties of the SPP, the skin depth into air, the propagation length on a flat metal, and SPP decay channels. Here, we compare the near-field distributions of the SPP at important frequencies appearing in near-and far-field spectra and discuss the negative role of SPP in far-field transmission spectra by adopting the equipartition of diffraction orders. Finally, the transmittance spectra and the near-field distributions of THz electromagnetic waves passing through multiple silts are presented in section 4. Since there is 3 no contribution from the SPP, the near-field distribution of the THz waves is completely decided by the electromagnetic diffraction theorem. In spite of this, we show that perfectly conducting material can support the so-called designer meta-surface waves [12] , where the geometry of gratings rather than intrinsic material properties is responsible for establishing highly confined surface waves.
To put our work in perspective, we briefly introduce previous works relating to slits and SPP. The diffracted electromagnetic waves by a single slit [13, 14] or rectangular apertures [15] in perfect conductors and in real metals [16] - [18] have been theoretically considered. The transmission mechanisms of light passing through a slit in a real metal for the transverse electric (TE)-and TM-polarization directions were well explained in [19] - [21] . The strength of SPP generated at the slit exit has been theoretically [22] and experimentally [23, 24] discussed. References [10, 25] studied the coupling between SPP and the transmitted light in metallic slits. Especially, the positive and the negative roles of SPP in the light transmission through nanoslit array were discussed [9] - [11] . In addition to SPP, the Fabry-Perot effect can contribute to a resonant enhancement of the transmitted light, depending on the slit depth [10, 26] . Radiative damping generated in arrays of holes and slits was discussed in [27, 28] , where the damping rate depending on the wavelength of light and the hole size [28] was presented, and a sevenfold enhancement of SPP lifetimes, given by the coherent coupling of SPP modes between slits was shown [27] . The π-phase shift of SPP with respect to the phase of the incident field has been theoretically derived [29, 30] and used for pointing out the interference of SPP with the transient diffracted surface waves in the vicinity of slits [31] . From a different point of view, Lalanne and Hugonin [32] showed that the interaction of nanoslits with light is driven by a creeping wave and SPP. The investigations of single slits were extended to a slit with grooves for beaming of light [33] - [35] , Young's double-slit experiments [36, 37] , diffraction slits for focusing SPP [38] , and an array of slits for studying the influence of the number of slits on the transmittancy [39] . In addition, the vector field mapping of light emanating from a single slit [40] and a near-field amplification in a transmission metallic grating at SPP resonance [41] were presented by using near-field scanning optical microscopy (NSOM) ( [42] and the referrences therein). As another type of SPP generator, a tabletop plasmonic accelerator has been proposed [43] .
Since noble metals such as gold and silver are considered as perfect conductors in microwave and THz frequency ranges, it is well known that SPP cannot be excited on a dielectric-metal interface, but a THz surface plasmon propagating on an Al-sheet with anomalously high attenuation and tighter binding has been reported [44] . Furthermore, Pendry et al proposed that surface modes showing a dispersion relation similar to SPP can be induced on the interface by perforating structures on a scale of subwavelength [45, 46] , and the existence of these surface modes has been experimentally verified in microwaves [12] . This plasmonic metamaterial has been suggested [47, 48] and been experimentally studied for one- [49] - [51] and two-dimensional periodic [52, 53] and random arrays of gratings [54] in the THz regime. Additionally, the two-dimensional near-field of THz electromagnetic waves passing through multiple slits has been measured by using THz time domain spectroscopy (THz-TDS) [55] , and their Poynting vectors with the reconstructed magnetic field show high spatial and temporal dynamics of the energy flow through subwavelength slits.
Including spoof surface plasmons in the THz regime, our studies give a coherent view of surface plasmons over a wide frequency range from THz to optical frequencies. 
Generation efficiency of SPP launched by a single nanoslit
The excitation of SPP by free-space photons needs additional momentum, because the momentum of SPP is usually larger than that of free-space photons, following the dispersion relation of SPP. Subwavelength structures perforated on a metal surface are often used for supplying an additional momentum vector for the SPP excitation. By varying the periodicity [35] or the shape of the structure on the metal surface [56] , one can control the propagation direction, the excitation spectrum and the SPP-generation efficiency. In particular, the SPP-generation efficiency tuning is a crucial research topic for designing an SPP generator in SPP-based opto-electric circuits and bio-sensings [57] .
In this section, we study the SPP generation efficiency in the optical frequency regime by varying the width of a slit aperture. We choose a single slit aperture as an SPP launcher which has many benefits in application as well as on the research front. Its simple geometry provides a test-bed for investigating the SPP generation process easily from a research point of view, and it is a basic structure which can be developed into more complex ones [58] from a practical point of view. The SPP-generation efficiency controlled by the slit width is theoretically studied by Lalanne et al [22] and experimentally demonstrated by near-field measurements [24] . We explain how this experiment is performed and discuss the measurement results.
Single nanoslits are fabricated by focused ion-beam milling in a gold film with 80 nm thickness, evaporated on a sapphire substrate. The slit widths vary from 196 to 2330 nm. Each slit has a length of 50 µm and is aligned along the same axis in a row to prevent interference of SPP generated from the slits with different widths. The slits are illuminated by a cw mode Ti-sapphire laser operating at a wavelength of 780 nm with the polarization direction perpendicular to the slit direction (p-polarization). The SPP intensity is measured with NSOM in the collection mode, as shown in figure 1 . The perturbed propagating SPP by NSOM probe is guided through an optical fiber to an avalanche photodiode at the end of the fiber. To confirm that we are only measuring the SPP intensity, excluding unwanted signals such as the propagating waves which are diffracted by the edges of slits and traveling in free space, we displace the probe to about 60 µm away from the slit position and measure the SPP intensity.
As presented in figure 2 , the slit width-dependent SPP intensity shows a sinusoidal behavior which qualitatively agrees well with prior theoretical studies [22] . The intensity ratio between the peak and the dip reaches 10 and it shows the importance of slit width tuning in designing a slit as an SPP generator. This sinusoidal behavior can be reproduced in an analytic form with approximations: single mode assumption in the slit cavity [14] and surface impedance boundary condition (SIBC) [10, 59] . The magnetic field of the diffracted light by a single slit perforated on a real metal surface with a permittivity can be described as [60] 
where k 0 is the wave number corresponding to the wavelength λ of the incident light and
Since there is a singularity in the denominator of (1), k 0 2 − k 2 + Z s k 0 = 0, the integration over the momentum vector k is dominated by k = k spp = √ /( + 1), and the integration over x gives rise to a sinusoidal solution, sin(k spp d/2)/k spp , when the single-mode approximation is applied. Therefore, away from the immediate neighborhood of the slit, the approximate solution can be simplified to [60] 
where κ = (k sin(kd/2)/k which can be interpreted as the distribution of the momentum vector added to the incident light in momentum space. Note that SPP need an additional momentum vector k = k spp to be coupled with the incident light in the normal direction, it is natural that the SPP-generation efficiency follows sin(
It should be pointed out that the slit width-dependent sinusoidal behavior in the SPP intensity is still sustained over 780 nm slit width (= wavelength) regime, which cannot be approximated as a narrow slit any more. We believe that this persistent sinusoidal figure in the SPP generation is a result of the dominant zeroth-order slit-cavity mode even in the wide slit width regime.
Our single-slit study provides a framework for viewing nanoslit array results. SPP generated through the single slits propagate, interfere and scatter into the far-field. We now study near-field patterns and spectra for nanoslit arrays.
Near-to-far-field evolution of patterns and spectra in nanoslit arrays
In this section, we study how SPP generated in a metallic multi-slit array system propagate along a flat metal surface and decay through far-field scattering via nanoslits.
Multi-slit arrays are fabricated by ion-beam milling after e-beam patterning on a 78 nm thick gold film evaporated on a 150 µm thick sapphire substrate ( figure 3(a) ). The periodicity (d = 761 nm) is determined by measuring the diffraction angle of a He-Ne laser beam which is normally incident on the sample surface. The slit width is approximately 100 nm. As an excitation source, we used a cw mode Ti-sapphire laser whose wavelength is tuned from 740 to 840 nm by using a birefringence filter inside the cavity. A shear force mode NSOM system operating in collection geometry ( figure 3(b) ) is used for measuring near-and far-field spectra of the light transmitted through multi-slit arrays. Our multi-slit arrays are illuminated by the laser beam through the substrate, and the transmitted light was collected by a Cr-/Al-coated tip (Nanonics Imaging Ltd) with 100 nm aperture size. The signal intensity is detected by an APD Polarization-dependent near-field optical images of the multi-slit arrays (presented in figures 3(a)) are shown in figure 4 . At the excitation wavelength λ spp = 780 nm where SPP are resonantly excited, the following condition is fulfilled:
where m is the real part of the dielectric constant for gold, and the imaginary part is assumed to be negligibly small [8] . With the incident light polarization along the x-axis, perpendicular to the slit direction, a clear standing wave is observed, which verifies the generation of surface waves propagating on the metal surface in the ±x-directions. This standing wave is absent, however, when the polarization is parallel to the y-axis. In that case, no SPP is generated on the sample surface and, therefore, the near-field pattern is dominated by the direct transmission through the slits at slit positions. Note that an apertured metal-coated tip efficiently collects the transversal components with respect to the tip axis due to the boundary condition at the aperture [62, 63] . Next, the spectral dependence of the SPP generation in multi-slit arrays is studied. We measure the transmitted light intensity by varying the excitation beam wavelength and the tipsample distance from the near-(few nm) to the far-field (100 µm) region. The incident beam polarization is set to be perpendicular to the slit direction. Figure 5(a) shows the integrated intensity over 10 periods (7610 nm) as a function of the excitation beam wavelength. The result shows a clear difference between near-and far-field intensities. For example, at around λ spp = 780 nm the near-field intensity is the maximum, on the other hand, the far-field intensity shows the minimum. The near-field intensity maximum means that the SPP can be generated most efficiently at this wavelength. There is another peak at around the Rayleigh wavelength λ R = d = 761 nm, where the normally incident beam is diffracted into the grazing angle from the slit exit. At this excitation wavelength the signal intensity as a function of the tip-sample distance shows a relatively slow decay in figure 5(b) , compared to the case of λ spp = 780 nm.
By applying the SIBC [10, 59] and the single-mode approximation inside the slit position [14] , this dramatic change of the transmittance spectrum from near-to-far-field region is explained by equipartition of diffraction orders [10] : where one diffraction order is resonantly excited, and all the other diffraction resonances are suppressed including the zeroth-order farfield transmission. In other words, the majority of the incident light is converted into SPP at the wavelength λ spp , suppressing the zeroth-order far-field transmission, and all this demonstrates the negative role of surface plasmons in far-field transmission [11] .
To check the evanescence nature of the SPP, signal intensities depending on the tip-sample distance are measured for three excitation wavelengths (λ = 762, 780, and 820 nm). As shown in figure 5(b) , the signal profile at λ spp = 780 nm shows a clear exponential decay with a decay length of 315 nm. This fitted value is in good agreement with the theoretical value of 289 nm calculated from the SPP decay length and marked with triangles in figure 5(c) [8] δ z,SPP = λ
In contrast, the profile for the wavelength 762 nm does not show an exponential decay. At this wavelength, the light emanating from the slit exits creeps on the air-metal interface. Like the first-order Rayleigh diffraction, it can be compared to a pseudo-confined mode [64] . The exponential fitting in range z > 1 µm does not match the value predicted by (4), but it is in a good agreement with the optical decay length determined by the grating period marked with circles in figure 5 (c)
At the excitation wavelength of 820 nm the exponential decay is shown only in short range from the surface (z < 200 nm) and the almost constant signal intensity is maintained up to the far-field region. This is because only the zeroth-order diffraction dominantly survives into the far-field. The small periodic oscillations observed at all three excitation wavelengths in figure 5 (b) result from the Fabry-Perot interference between the tip and the sample surface. The SPP generated by slit arrays propagates on the flat metal surface region. This is visualized in figure 6 by measuring the interference pattern given by the propagating SPP and the directly transmitted light through the thin metal film (78 nm) [65] . The excitation spot marked by a red dashed line and the scan area by a black dotted line are shown with the sample position in figure 6(a) . The spatial distributions of the propagating SPP for two excitation wavelengths (770 and 820 nm) are shown in figure 6(b) . At the excitation wavelength 770 nm, around λ spp , the interference fringes can be found in all scanned areas even below the slit arrays, whereas the fringes are observed only on the right side of the slit array at λ = 820 nm. At λ = 820 nm, the incident light coupled with SPP is less efficient compared to the case of λ = 770 nm as found in figure 5(d) . For this reason a fainter fringe pattern in the flat gold region can be observed for λ = 820 nm. The cross-sectional profile of (b) is presented in (c). The propagation length of the SPP (l spp = (2k m ) −1 ) is determined by the imaginary part of k spp = k spp + ik spp , where k spp is the SPP wave vector parallel to the surface and obtained from the dispersion relation [8] 
Here
is the complex dielectric constant of the metal. For a thin gold film (70 nm), the propagation length of SPP in the air-gold interface is on the order of 40 µm [66] .
As the last part of this section, we discuss the SPP decay in multi-slit arrays. In multihole grating structure, the SPP decay is dominated by the Rayleigh-like radiative scattering with the SPP lifetime of the order of 10 fs [28] . In the same manner, the SPP decay in multislit arrays is mostly surpassed by radiative decay rather than by energy loss caused by the finite conductivity. The SPP lifetime can be experimentally determined by fitting the far-field spectrum line shape [27] , and is given as a few tens of femtoseconds.
The SPP decay length in multi-slit arrays is measured by using two slit arrays separated by a flat metal region as depicted in figure 7(a) . The SPP generated in the first grating by focusing a laser spot propagates along the flat region and attenuates in the second grating. An apertured metal-coated tip scans the area marked by white dashed lines in the upper panel of figure 7 (a) and the measured optical signal is shown in the lower panel. The cross section of the optical signal shows the overall intensity distribution. In order to obtain a more detailed field intensity profile, the red dashed area in figure 7(b) is re-scanned with a better resolution for two different excitation wavelengths. At a wavelength of λ = λ spp = 780 nm, a clear standing wave is observed in figure 7(c) . This means that the near field is mainly composed of two counter-propagating surface waves as in the excitations of slit arrays ( figures 3 and 5(d) ). This standing wave is also shown in the flat metal region, which indicates a strong reflection at the grating. A negligible bump at the starting position of the second grating suggests the relatively smaller damping in the radiative scattering compared to figure 7(d) for the excitation wavelength λ = 820 nm. The ohmic loss plays a more significant role in the SPP decay at λ spp , because the SPP travels relatively longer distance, reflecting back and forth between the gratings. On the other hand, at a wavelength of λ = 820 nm, the radiative decay is the dominant factor in the SPP decay. A negligible oscillation in the flat region indicates that only a small amount of the SPP impinging onto the second grating is reflected back. The local intensity peaks are located at around the slit positions as expected from the dominant radiative decay. The decay shows a nice exponential curve, with a decay length of 3.87 µm. The corresponding SPP lifetime 13.2 fs is calculated by considering the SPP phase velocity.
In this section, the role of the SPP in far-field transmission was discussed by performing near-to far-field spectroscopy. In addition, we discussed the SPP-generation mechanism in a multi-slit grating, their propagation on a flat metal surface and the attenuation in the slit arrays. For better understanding of the difference and similarities between subwavelength slit arrays perforated in perfect and imperfect conductors, we now investigate the THz frequency region. 
Transmission of THz electromagnetic waves through subwavelength slits
In recent years, with the remarkable growth of meta-materials research [67] spanning the frequency range from gigahertz all the way to the visible, spatiotemporally capturing electrodynamics of light has become a formidable yet an unavoidable challenge.
In this section, we show real-time near-field measurements of the time evolution and frequency dependence of THz fields transmitted through near-perfectly conducting films with slits, using a newly developed method [68] for measuring a THz near-field with a subwavelength resolution in a THz-TDS (0.1-2.0 THz). At THz frequencies, most metals can be essentially approximated as perfect conductors with negligible Ohmic loss. In addition, we show that this perfectly conducting material can support the so-called designer metasurface waves [12, 45] , where the geometry of gratings rather than intrinsic material properties is responsible for establishing highly confined surface waves. This study directly provides near-field characteristics in a broad THz frequency range as well as a comparison with the transmission properties of plasmonic materials.
Our samples are one-dimensional structures with a single (slit width a = 40 µm), double (slit width a = 40 µm and separation s = 400 µm), and multiple slits (slit width a = 100 µm and separation s = 500 µm) on aluminium, fabricated by femtosecond laser machining. The electro-optic sampling technique [69] is used for detecting the time trace of the outgoing wave at each position with a microscopic objective, while the sample is raster-scanned ( figure 8(a) ). For detecting the THz near-field of both the x-and the z-electric field component, two GaP crystals with their crystal orientation along the (110)-and (100)-directions, respectively, are used in near-contact with the sample, with an air-gap of about 50 µm. All two-dimensional THz field images are measured in the plane perpendicular to the sample surface as a function of the distance from the detection plane to the sample surface. In this paper, we focus mainly on the z-component which is mostly evanescent. Figure 9 shows one-dimensional cross sections captured from sequential TDS-THz measurements of (a) a single, (b) double and (c) multiple slits at two different instants, which obviously show spatially varying phases of the z-component in the near-field. A wave passing through a double slit causes an interference pattern at the center position of the slits ( figure 9(b) ) and the oscillation goes outward as time elapses. This can be found in multiple slits as well ( figure 9(c) ), where the interference patterns appear as the period of the slits developing the stationary waves.
THz images possessing the amplitude and phase information over the entire spectral range and the transmission spectrum can be obtained by fast Fourier transforming the raster-scanned time trace at each position and a given time t 0 E ω (x, z, t 0 ) = dtE(x, z, t) e −iω(t−t 0 ) .
From these results, we deduce the electric field distributions transmitted through a slit array in the spectral domain, considering the far-field transmission spectrum. In the far-field transmission spectrum presented in figure 10 a maximal transmittance can be observed at about 0.55 THz, slightly below the Rayleigh minimum 0.6 THz determined by the periodicity of the one-dimensional slit array (s = 500 µm). This peak of the zeroth-order transmission is already explained by a cooperative effect between Fabry-Perot and surface-bounded waves [49] . In order to get further understanding of surface-bounded waves, we selected three representative frequencies in the transmission spectrum and compared the near-field distributions at those frequencies as shown in figure 11 (a low frequency far from the Rayleigh minimum 0.277 THz, around the first Rayleigh minimum 0.603 THz and a higher frequency 1.003 THz).
Whereas at a higher frequency of 1.003 THz the Fourier-transformed image is mainly dominated by the interference between the zeroth-and first-order diffractions as visualized in figure 11(c) , the field distribution in figure 11(b) gives evidence of the existence of the surfacebounded field. Compared to two field distributions (a) and (c) at frequencies away from the Rayleigh minimum, it clearly shows the highly confined surface waves on the metal surfaces between the slit exits. These waves can be compared to SPP in the optical frequency regime ( figure 5(a) ) in the sense that both surface-confined fields suppress the zeroth-order far-field transmittance at λ spp (optical) and at the Rayleigh minimum (THz). Indirectly, the surface waves in THz can play an important role in the enhancement of the maximum transmittance whose spectral position is basically determined by the Fabry-Perot resonance of the sample thickness [47, 49, 50] . The field profile of figure 11(b) is similar to that of λ spp in figure 5(d) .
Designer surface plasmons on a perfect conductor have been predicted by Pendry et al [45] and found to be consistent with the far-field reflection and dispersion experiments [12] . The periodically perforated slits on the air-metal interface change the effective refractive index of the metal. As a result, the effective skin depth into metal, decided by the slit width and metal plate thickness, is increased. This postulate can indirectly be verified by measuring the field intensity of surface-bounded waves in the z-direction, as done for SPP in the optical frequency region. Therefore, we check the evanescent nature of the surface-bounded waves. For a qualitative comparison, the averaged field intensity profiles at three selected frequencies are compared in figure 12 . While the profiles for 0.2 and 1 THz decay in so complicated forms that they cannot be expressed by simple functions, the intensity profile of 0.6 THz decays exponentially like that of SPP. Thus, this result supports the SPP-like character of the designer surface plasmon generated below the Rayleigh minimum in frequency. The strong oscillations appearing at the higher frequency of 1 THz are caused by the repeatable diffraction patterns propagating outwardly. 
Discussion and summary
In this paper, we studied the electromagnetic waves transmitted through multiple slit arrays in optical (slit width 100 nm and slit separation 761 nm on a gold film) and THz (slit width 100 µm and slit separation 500 µm on an aluminium film) frequency regimes, respectively. In the optical frequency regime where SPP can be generated on an air-metal interface, we investigated (i) the SPP generation efficiency as a function of the slit width, (ii) the position-and height-dependent spectra near the SPP resonance and (iii) THz near-field patterns verifying the existence of SPPlike surface-bound waves. In the optical regime, we observed a qualitative difference between near-and far-field intensity spectra and discussed the negative role of SPP in zeroth-order farfield transmittance. In the THz frequency regime the transmittance spectra and the near-field distributions of the electromagnetic waves passing through multiple silts were measured by applying the axis-resolved near-field electro-optic sampling technique. Although there is no contribution from the SPP so that the near-field distribution of the THz waves is completely decided by the relative contributions of the multiple-order electromagnetic diffraction, the surface-bound waves generated at the Rayleigh minimum in the far-field transmission spectrum support the designer meta surface waves, both in pattern and in decay length.
In order to compare the evanescent characteristics of SPP in the optical regime and the surface-bound waves in the THz regime, in figure 13 , we plot together the near-field intensity decay curves at the wavelength λ spp (far-field minimum) in the visible range and at a wavelength slightly below the Rayleigh minimum in the THz regime. Two exponentially decaying curves show almost the same scale-invariant decay length, demonstrating the existence of tightly bounded surface waves in both cases and confirming the SPP-like characteristics of the surfacebounded wave in the THz regime.
For a more systematic analysis of these surface waves in the THz frequency regime, more rigorous theoretical and extended experimental works are needed.
